Structure and rheological properties of a xyloglucan extracted from Hymenaea courbaril var. courbaril seeds  by Arruda, Isabel R.S. et al.
S
H
I
A
M
a
b
c
U
d
a
A
R
R
A
A
K
H
P
P
V
X
1
t
s
c
T
p
t
n
p
p
s
b
o
c
h
0International Journal of Biological Macromolecules 73 (2015) 31–38
Contents lists available at ScienceDirect
International  Journal  of  Biological  Macromolecules
j ourna l h o mepa ge: www.elsev ier .com/ locate / i jb iomac
tructure  and  rheological  properties  of  a  xyloglucan  extracted  from
ymenaea  courbaril  var.  courbaril  seeds
sabel  R.S.  Arrudaa, Priscilla  B.S.  Albuquerquea,b,  Gustavo  R.C.  Santosc,
lexandre  G.  Silvaa, Paulo  A.S.  Mourãoc, Maria  T.S.  Correiaa, António  A.  Vicented,
aria G.  Carneiro-da-Cunhaa,b,∗
Departamento de Bioquímica, Universidade Federal de Pernambuco–UFPE, Av. Prof. Moraes Rego s/n, CEP: 50.670-420, Recife, PE, Brasil
Laboratório de Imunopatologia Keizo Asami–LIKA/UFPE
Laboratório de Tecido Conjuntivo, Hospital Universitário Clementino Fraga Filho, Programa de Glicobiologia, Instituto de Bioquímica Médica,
niversidade Federal do Rio de Janeiro, Rio de Janeiro, Brasil
CEB–Centre of Biological Engineering, Universidade do Minho, Campus de Gualtar, 4710-057 Braga, Portugal
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 14 September 2014
eceived in revised form 23 October 2014
ccepted 1 November 2014
vailable online 18 November 2014
eywords:
a  b  s  t  r  a  c  t
Hymenaea  courbaril  var courbaril  seed  xyloglucan  was  efﬁciently  extracted  with  0.1 M  NaCl,  followed  by
ethanol  precipitation  (yield  = 72  ± 5%  w/w).  Its amorphous  structure  was  identiﬁed  by  the  pattern  of
X-ray  diffraction.  The  monosaccharide  composition  was  determined  by  GC/MS  analysis  of  the  alditol
acetates  and showed  the  occurrence  of  glucose:xylose:galactose:arabinose  (40:34:20:6).  One-(1D)  and
two-dimensional-(2D)  NMR  spectra  conﬁrmed  a central  backbone  composed  by  4-linked  -glucose  units
partially branched  at position  6 with  non-reducing  terminal  units  of  -xylose  or -galactose-(1→2)--ymenaea courbaril
olysaccharide characterization
olysaccharide structure
iscoelastic ﬂuid
yloglucan
xylose disaccharides.  The  xyloglucan  solution  was  evaluated  by dynamic  light  scattering  and  presents  a
polydisperse  and  practically  neutral  proﬁle,  and at  0.5  and  1.0%  (w/v)  the  solutions  behave  as  a  viscoelastic
ﬂuid. The  polysaccharide  did  not  show  signiﬁcant  antibacterial  or hemolytic  activities.  Overall  our  results
indicate  that  xyloglucan  from  H.  courbaril  is a promising  polysaccharide  for  food  and  pharmaceutical
industries.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Polysaccharides are polymers widespread in nature and syn-
hesized in high amounts by plants and microorganisms. They are a
ource of biopolymers generally non-toxic, biodegradable, and bio-
ompatible, sometimes exhibiting properties of biorecognition [1].
he polysaccharides have a wide range of chemical structure and
hysiochemical properties that cannot be easily reproduced syn-
hetically. Thus, the possibility to obtain these compounds from
atural sources renders numerous polysaccharides, which often
resent a lower cost than synthetic polymers [2].
Xyloglucans are branched polysaccharides usually found in the
rimary cell walls and in the higher plants seeds with structural and
torage functions, respectively. They have a 4-linked -d-glucan
ackbone, substituted at position O-6 by branches of -d-xylose or
f -d-galactose-1→2--d-xylose disaccharide [3–5]. Xyloglucans
an be extracted from seeds of different species such as Copaifera
∗ Corresponding author. Tel.: +55 81 2126 8540; fax: +55 81 2126 8576.
E-mail address: mgcc@ufpe.br (M.G. Carneiro-da-Cunha).
ttp://dx.doi.org/10.1016/j.ijbiomac.2014.11.001
141-8130/© 2014 Elsevier B.V. All rights reserved.langsdorfﬁi, Hymenaea courbaril and Tamarindus indica that are
combined with the same structural groups, but the proportion
and arrangement of these groups give a ﬁne structure that varies
according to the species and even within the same species [6–8].
Xyloglucans can be used in food, medical and pharmaceutical
industries, even to biotechnological processes [9], due to its char-
acteristics, such as Newtonian ﬂow behavior in the wide range of
shear rate, water-holding ability and their resistance against heat,
salt and pH regimes [10].
H. courbaril var. courbaril belongs to Caesalpiniaceae family
that occurs abundantly throughout Brazilian forests [11]. It is
undemanding regarding fertility and soil moisture, besides it is
important for the recovery of deforested areas and afforestation
of large parks and gardens [12]. Each tree produces an average of
10 kg of seeds/year that are a source of xyloglucan [11–13].
This work aims to extract and purify xyloglucan from seeds of
H. courbaril. Furthermore, we  intend to determine the structure
of the polysaccharide and its rheological properties, complement
by evaluation of their antimicrobial and hemolytic activities, in
order to determine the potential biotechnological applications of
the polysaccharide.
3  of Bio
2
2
P
c
t
8
2
b
m
w
t
d
r
b
B
t
1
l
t
p
w
a
(
u
s
o
o
o
m
m
2
2
(
l
a
s
s
t
M
2
a
e
s
5
s
p
a
2
a
b
S2 I.R.S. Arruda et al. / International Journal
. Materials and methods
.1. Materials
The pods of H. courbaril were collected in September 2010 at the
arque Nacional do Catimbau, Buíque-Pernambuco, Brazil. Botani-
al identiﬁcation was made by depositing testimony specimens in
he Herbarium of the Instituto Agronômico de Pernambuco (IPA
4893), Brazil. All the chemicals were of analytical grade.
.2. Extraction and puriﬁcation of xyloglucan
The xyloglucan from the seeds of H. courbaril was obtained
y the method of Albuquerque et al. (2014) [14]. The seeds were
anually removed from dry pods, washed and boiled in distilled
ater at 100 ◦C for 30 min  for enzyme inactivation and softening of
he hulls. After this period, the hull was removed and seeds were
ried at 60 ◦C to constant weight (mi). The dry seeds were tritu-
ated with 0.1 mol  L−1 NaCl [15% (w/v)] at 25 ◦C in an industrial
lender (Model TR-02, Metalúrgica Siemsen Ltda, Santa Catarina,
razil) and this crude extract obtained was subsequently cen-
rifuged (Thermo Fisher Scientiﬁc Sorvall RC6, USA) for 20 min  at
500 × g. The supernatant was ﬁltered through a voil tissue, fol-
owed by a new ﬁltration using screen printing cloth (90 thread
ype), and precipitated with 46% ethanol [1:3 (v/v)] for 16 h. The
recipitate was ﬁltered on screen printing cloth (110 thread type),
ashed with 100% ethanol [1:3 (w/v)] for 30 min  and twice with
cetone PA [1:3 (w/v)] for 30 min, ﬁltered on screen printing cloth
110 thread type) between each washing and ﬁnally dried at 60 ◦C
ntil constant weight (mf). The dry precipitate was milled and
tored in amber glass bottles.
The yield of the extraction in mass was determined as the ratio
f the ﬁnal mass of the precipitate powder (mf) by the initial mass
f the dry seeds (mi) and expressed as % (w/w). The total content
f carbohydrate and protein in the precipitated powder was deter-
ined by the phenol sulfuric acid method [15] and by Bradford
ethod [16] respectively.
.3. Structural characterization
.3.1. Gel ﬁltration chromatography
Xylogucan (1 mg)  was applied to a Superose 6 column
30 × 1 cm)  from Pharmacia, linked to a HPLC (high performance
iquid chromatography) system, equilibrated with 0.5 mol  L−1
mmonium acetate (pH 5.). The column was eluted with the same
olution at a ﬂow rate of 0.5 mL  min−1. The eluent was monitored
imultaneously by absorbance at 280 nm and by differential refrac-
ive index. The column was calibrated with dextrans with average
r of 500 and 50 kDa.
.3.2. X-ray patterns
X-ray diffraction pattern of the xyloglucan was obtained using
 Bruker D8 Advance (Germany) diffractometer (30 kV, 30 mA)
quipped with CuK radiation at wavelength of 0.154 nm.  The mea-
urements were carried out for an angular interval varying from
–60◦ (2  range), scanning rate of 5◦ min−1, step of 0.02◦ and 2 s per
tep. The total diffracted area and the area under the crystallinity
eaks were evaluated by integration after correcting the data for
bsorption in order to determine the polysaccharide crystallinity.
.3.3. Monosaccharide composition
After acid hydrolysis of the xyloglucan (5 mol  L−1 triﬂuoroacetic
cid for 2 h at 100 ◦C), the alditol acetate derivatives were analyzed
y gas-liquid chromatography/mass spectrometry (GCMS-QP2010
himadzu, Japan) [17].logical Macromolecules 73 (2015) 31–38
2.3.4. Methylation analysis
Xyloglucan (5 mg)  was  subjected to two  rounds of methyla-
tion [18]. The methylated polysaccharide was  hydrolyzed with
5 mol  L−1 triﬂuoroacetic acid for 2 h at 100 ◦C, reduced with
borohydride, and the alditols were acetylated with acetic anhy-
dride:pyridine (1:1 v/v). The alditol acetates of the methylated
sugars were dissolved in chloroform and analyzed in a gas chro-
matography/mass spectrometry unit (GCMS-QP2010 Shimadzu,
Japan) with a Restek column RTX-5MS. The sample was  analyzed
using a split ratio of 30. The carrier gas was helium and a tempera-
ture gradient of 110 ◦C to 250 ◦C, with variation of 2 ◦C min−1. The
temperatures of the injector, ion source and interface were 260 ◦C,
200 ◦C and 230 ◦C, respectively.
Different periods of time for hydrolysis of the methylated
polysaccharide were tested (from 1 up to 4 h) in order to assure
total hydrolysis of the constitutive units but without signiﬁcant
lost of xylose residues. Two hours were chosen as the appropriated
time for the hydrolysis.
2.3.5. Nuclear magnetic resonance spectroscopy
One (1D) and two-dimensional (2D) spectra of the xyloglu-
can were recorded using a Bruker DRX 400 MHz  apparatus with
a triple resonance probe, as described previously [11,19]. Approx-
imately 5 mg  of each sample was  dissolved in 0.5 mL  of 99.9%
deuterium oxide (Cambridge Isotope Laboratory, Cambridge, MA,
USA). All spectra were recorded at 50 ◦C with HOD (deuterated
water exhibiting a peak due to exchange with residual H2O) sup-
pression by presaturation. For 1D 1H NMR  spectra, 32 scans were
recorded, using an inter-scan delay equal to 1 s. For 2D 1H/1H
TOCSY (total correlated spectroscopy) and 1H/13C HSQC (het-
eronuclear single quantum coherence) experiments, spectra were
recorded using states TPPI (time proportion phase incrementation)
for quadrature detection in the indirect dimension. TOCSY spectra
were run with 4046 × 400 points with a spinlock ﬁeld of 10 kHz
and a mixing time of 80 ms.  Two-dimensional 1H/13C Multiplicity-
Edited HSQC spectra were recorded at 50 ◦C with HOD suppression
by presaturation, with 256 scans. The increment number setup
was set to 64, and states-TPPI were used for quadrature detec-
tion in the indirect dimension and run with 1024 × 256 points with
globally optimized alternating phase rectangular pulses (GARP)
for decoupling. Chemical shifts were displayed relative to exter-
nal trimethyl-silylpropionic acid at 0 ppm for 1H and relative to
methanol for 13C.
2.4. -potential and dynamic light scattering (DLS)
DLS and -potential () measurements were carried out with
the xyloglucan solution 0.5% (w/v) in water at pH 5.8 adjusted with
0.1 M NaOH. The measurements were carried out on a ZetaSizer
Nano ZS90 (Malvern Instruments, U.K.). The DLS cumulants anal-
ysis (30 scans) provides the characterization of a sample through
the mean apparent Z-average hydrodynamic diameter (Rh) for the
particle or molecule size (nm). The width parameter, known as the
polydispersity index (PDI), was  determined from the intensity of
scattered light (ﬁxed angle of 90◦) at 25 ◦C. The Z-average diameter
is the mean hydrodynamic diameter (molecule size), determined
from the intensity of scattered light. This measuring was carried out
in triplicate with samples analyzed in a period of 144 h, with inter-
vals at 48 h for each analysis. The -potential values were calculated
using the Smoluchowski equation [20]. Each sample was analyzed
in a folded capillary cell. The results are given as average ± standard
deviation.
of Biological Macromolecules 73 (2015) 31–38 33
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.5. Rheological measurements
The rheological properties of the xyloglucan aqueous solutions
t 0.5 and 1.0% (w/v) were conducted in a stress controlled rheome-
er (Anton Paar MCR  301, Austria) equipped with two  concentric
ylinder geometry cell with outer diameter (o.d.) = 28 mm and
nternal diameter (i.d.) = 24 mm,  with temperature controlled at
5 ◦C. Measurements were performed and 50 points were acquired.
.5.1. Rotational ﬂow
Continuous shear tests were carried out over a shear rate ( ˙)
ange of 1–1000 s−1 to measure the apparent viscosity (). The
oints were acquired while simultaneously collecting viscosity
ata.
.5.2. Oscillatory ﬂow
Dynamic oscillatory mode measurements were conducted vary-
ng the applied torque/deformation angular frequency (ω) from 1
o 500 rad s−1. Storage (G′) and loss (G′′) moduli sample responses
ere recorded during the frequency sweep at a rate of one acqui-
ition every 5 s. The strain deformation amplitude () was ﬁxed at
.2%.
.5.3. Stress-strain
The rheometer was operated in oscillatory mode. For a ﬁxed
requency ω——2 − rad s−1 an externally applied shear stress ()
as varied from 1 to 300 Pa and the (G′) and (G′′) moduli sample
esponses were recorded. One acquisition was carried out every 5 s.
.6. Biological activities
.6.1. Antibacterial activity
Gram-negative strains [Escherichia coli (UFPEDA 224), Klebsiella
neumoniae (UFPEDA 396), Salmonella enteritidis (UFPEDA 414),
seudomonas aeruginosa (UFPEDA 416), Proteus vulgaris (UFPEDA
40)] and gram-positive strains [Staphylococcus aureus (UFPEDA
2), Bacillus subtilis (UFPEDA 86), Micrococcus luteus (UFPEDA 100),
nterococcus faecalis (UFPEDA 138)] were provided by Culture
ollection of Microorganisms of Department of Antibiotics, Uni-
ersidade Federal de Pernambuco (UFPEDA). Bacteria strains were
rown in shaker ﬂasks (250 mL)  containing Nutrient Broth and
ncubated overnight in an orbital shaker at 100 rpm and 37 ◦C. The
iomass concentration was determined measuring the suspension
urbidity at 600 nm and then converted to colony forming units
105–106 CFU mL−1) using appropriate calibration curves (turbidity
quivalent to 0.5 in the McFarland scale). Xyloglucan antibacterial
ctivity was investigated by the disc diffusion method [21], using
0 L of xyloglucan solution (0.5% w/v) and positive controls con-
aining neomicin and clindamicin (both with 10 g/disc). All tests
ere carried out in triplicate.
.6.2. Hemolytic activity for toxicity evaluation
The hemolytic activity was determined according to a liter-
ture method [22]. The red blood cells were diluted in saline
olution to obtain a 1% suspension (v/v) and 1.1 mL  was  mixed
ith 0.4 mL  of xyloglucan solution (0.25–2.0 mg  mL−1 in saline).
he minimum and maximum hemolytic controls were suspensions
f red blood cells containing saline (hemolysis 0%) and Triton X-
00 2.0 mg  mL−1 (hemolysis 100%), respectively. All experiments
ere carried out in triplicate and the results expressed as aver-
ge ± standard deviation. The hemolytic activity was expressed in
elation to Triton X-100 and calculated by the following equation:
emolytic activity (%) = (As − Ab)/(Ac  − Ab)  × 100, where Ac is the
bsorbance of the control, As is the absorbance in the presence of
he xyloglucan solution and Ab is the absorbance of Triton X-100
olution.Fig. 1. Gel ﬁltration chromatography (numbers 1 and 2 indicate the elution volumes
of  dextrans with 500 and 50 kDa, respectively).
2.7. Statistical analyses
Statistical analyses were carried out using Analysis of Vari-
ance (ANOVA). Comparisons between samples were analyzed using
Student’s t-test. Statistical signiﬁcance was established at p < 0.05
(Graph Pad Prism, version 6, 2012, USA).
3. Results and discussion
3.1. Extraction and yield
Most methods for extraction of xyloglucan from seeds described
in the literature consist of two  basic stages, where the triturated
seeds pass by aqueous extraction, followed by puriﬁcation using
alcoholic precipitation [8,23,24].
In the present work extraction with NaCl was used because it
increases the solubility of the contaminating free proteins (salting in
effect). The crude extract obtained was subsequently centrifuged to
remove the residue, in agreement with the literature [5]. Washing
with ethanol removed contaminant, while washing with acetone
permitted further removal of proteins. These washes with ethanol
and acetone also promote dehydration of the polysaccharide, thus
contributing to preparation of a complete dried sample. The extrac-
tion yield was  72 ± 5% (w/w)  related to dry weight of the seeds,
being 81 ± 7% of this mass of polysaccharide content and by Brad-
ford method [16] no protein was detected.
We believe that our methodology allowed us to achieve a high
yield which is far above those of previous works, such as 15.5%
[23] and 38% [5]. Different extraction times for xyloglucan were
compared and demonstrated a variation of yield from 5.4 to 40.8%
[25]. However, these authors did not mention clearly if your yield
are related to moist or dry weight of the seeds.
3.2. Gel ﬁltration chromatography
Gel ﬁltration chromatography reveals that xyloglucan is a poly-
disperse polysaccharide with average molecular mass ≥500 kDa
(Fig. 1). Clearly no degradation occurred during extraction and
puriﬁcation of the polysaccharide. The absence of fractions with
the absorbance at 280 nm conﬁrms that the xyloglucan does not
contain contaminant proteins.3.3. Patterns of X-ray diffraction
X-ray diffraction proﬁle (Fig. 2) shows characteristics of
amorphous structures with no sharp peaks. X-ray diffractogram
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oig. 2. Pattern of X-ray diffraction of the xyloglucan obtained from H. courbaril seeds.
resented a typical peak at approximately 2 = 20◦, similar to those
ound for a xyloglucan from Gokyo Food and Chemical Co. Ltd. [26]
nd a galactoxyloglucan extracted from Tamarind seed [27].
It is known that crystalline structures generate sharp narrow
iffraction peaks while amorphous components generate a broad
ne. The interpretation of broad amorphous peaks of several amor-
hous structures in X-ray scattering proﬁle is difﬁcult and hence
he ratio between these intensities is used to calculate the index
f crystallinity in the material [28]. The crystallinity index, related
ith the alignment of molecules in a particle structure [29], was
alculated from X-ray diffraction proﬁle for the xyloglucan, giving
 value of 0.37. Furthermore, the crystallinity depends on how the
aterial is dried or prepared, and that the drying process can lead to
 better organization of the chain, thus increasing the crystallinity
f the material [30].
.4. Monosaccharide composition
The monosaccharide composition of the xyloglucan was  deter-
ined based on gas-liquid chromatography/mass spectrometry
nalysis of the alditol acetates formed after acid hydrolysis, yield-
ng (in %w/w): glucose (40%), xylose (34%), galactose (20%) and
rabinose (6%).
Glucose, xylose and galactose were detected with a molar
atio of ∼4:3:2 respectively. Minor amount of araninose was also
etected (∼6%). No other sugar was detected up to a limit of <2%
s% of dry weight. The branching pattern of xyloglucan from dif-
erent plant species was evaluated and demonstrated that some
yloglucans have an additional arabinose unit linked to the galac-
ose residues at the non-reducing end of the side chain [31]. Kay
 Petkowicz [25] suggest that the presence of arabinose is due
o co-puriﬁed arabinan, which corroborates our result. They also
onﬁrmed the absence of arabinose residues in shorter extraction
rocesses, while others workers [3,11] described arabinose traces
n xyloglucans from seeds.
.5. Methylation analysis
The substitution of hydroxyl free radical by methyl is
ccomplished in methylation analysis, where different O-methyl
erivatives are obtained after hydrolysis and acetylation. The
ethylation of this polysaccharide, followed by acid hydrolysis and
cetylation of the alditols, yields the derivatives units shown in
able 1.
The structure proposed for the polysaccharide was  based on
ur experimental data (methylation and NMR  analysis) and also
n literature information [5,11,32] as summarized in Fig. 3.Fig. 3. Proposed structure for the xyloglucan under analysis.
The types of units found in the polysaccharide are shown in Fig. 3
and conﬁrmed in Table 1. Clearly the preponderance of 2,3,6-tri-O-
methyl and 2,3-di-O-methyl derivatives from glucose indicates that
the preponderant structure is composed of 4-linked (unit II) and
4,6-substituted units (unit I) of this sugar. The presence of these two
derivatives was  also observed in a very similar proportion in the
xyloglucan from Guibourtia hymenifolia (Moric.) J. Leonard [9] and
in the xyloglucan from H. courbaril seeds [13], conﬁrming 4-linked
glucose residues as typical of xyloglucan cellulosic backbones.
Galactose occurs as 2,3,4,6-tetra-O-methyl derivative, indicat-
ing that this sugar is at non-reducing terminal (unit IV). Two  third
of the xylose units occur as 2,3,4-tri-O-methyl derivative, indicating
non-reducing terminal branches (unit V), as galactose. One third of
xylose residues occur as 3,4-di-O-methyl derivatives, meaning that
the structure presents 2-linked xylosil units (unit III).  Of course,
the alditol acetate derivatives from 2,3-di-O- and 3,4-di-O-methyl
xyloses are the same compound. We attributed our results to the
2,3-di-O-methyl xylose based on literature data for similar com-
pounds [5,11,32] and also on our own NMR  data (see next section).
The detection of 2,3-di-O-methyl glucose in approximately the
same proportion as the sum of tetra-methyl derivative from galac-
tose + tri-methyl derivatives from xylose, agrees with the structure
proposed for the polysaccharide, contain a central core of 4-linked
glucose units (unit II), partially branched at position 6 (unit I). Two
third of the xylose units (unit V) and the totality of the galactose
units (unit IV)  occur as non-reducing terminal. One third of the
xylose units (unit III)  are 2-linked intermediate residues on the
branches.
The overall recoveries of methylated alditol acetates were in
good agreement with the monosaccharide composition obtained
for the native polysaccharide after hydrolysis, reduction and acety-
lation (Section 3.4). Arabinose, which is present in small amount
in the polysaccharide, was  not detected even when we  employed
different periods of hydrolysis (from 1 up to 4 h).
3.6. Nuclear magnetic resonance spectroscopy
The structure of the xyloglucan from H. courbaril was  investi-
gated using one-dimensional (1D) and two-dimensional (2D) NMR
spectra. The 1D 1H-NMR spectrum (Fig. 4A) showed three signals
in the anomeric region: one at 5.17 ppm, ascribed to substituted -
′xylose units (Xyl ) (unit III in Fig. 3), another at 4.98 ppm to terminal
non-reducing -xylose (Xyl) (unit V in Fig. 3), and ﬁnally the sig-
nal at 4.58 ppm, which is an overlapped of -glucose + -galactose
anomeric protons (units I, II + IV in Fig. 3). No signals assigned to
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Table  1
Retention times and the proportions of the methylated derivatives obtained from the xyloglucan of H. courbaril seeds after acid hydrolysis for 2 h.
Peek number Retention time
(tR - min)
Relative retention time Proportion
(% of total)
Methyl
derivativea
Unitsb
1 24.33 1.00 22 2,3,4-tri-Me-
Xyl
V
2  29.46 1.21 11 3,4-di-Me-Xyl III
3  32.57 1.33 15 2,3,4,6-tetra-
Me-Gal
IV
4  36.69 1.50 19 2,3,6-tri-Me-
Glc
II
5  41.90 1.72 33 2,3-di-Me-Glc I
a The type of methyl derivative was identiﬁed by the typical fragmentation spectrum.
b See Fig. 3.
Fig. 4. One-dimensional 1H-NMR (A), 13C-NMR (B) and two-dimensional 13C-1H
HSQC (C) spectra of the xyloglucan from H. courbaril seeds. In Panel C, signals of CH
carbon/proton are in blue (phase signals) and those from CH2 in green (antiphase).
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nose and galactose units, with  − potential values between −13.7anel B displays only the phase signals of the 13C-NMR spectrum, shown in blue on
anel C.
ontaminant proteins were observed in the 1D 1H-NMR spectrum,
uch as signals from aromatic amino acids at 6.0–7.0 ppm.
The edited 13C-1H HSQC spectrum (Fig. 4C) allowed us to dis-
inguish the anomeric signals from -galactose (105.13 and 4.59
3C/1H ppm) (unit IV) and -glucose (103.02 and 4.58 13C/1H ppm)
units I and II), which were coincident in the proton spectra. Signals
rom CH occur in phase (positive peaks in blue) while those from
H2 occur as anti-phase (negative peaks in green). This spectrum
llowed us to identify signals from C6/H6 (67.30/3.90–4.04 ppm),
scribed to -glucose and -galactose units, and those from C5/H5
62.4/3.58–3.76 ppm) of -xylose. Signals from C4 (79.75 ppm) and
ome of C6 (67.30 ppm) from -glucose, as well as signals from C2
f some -xylose units (80.81 ppm, Xyl′), were shifted downﬁeld
ompared with non-glycosylated units (compared chemical shifts
rom units III vs V, in Table 2 and also literature data [32]. No signals
scribed to non-reducing -arabinofuranosyl units were observed
t 109/5.3 ppm. This type of residue was reported in other plant
olysaccharide [25]. They may  occur only in minor amounts in our
yloglucan preparation and not detected on the NMR  spectrum.
The 1H-1H COSY and 1H-1H TOCSY spectra (Fig. 5) allowed
s to identify the chemical shifts by scalar coupling of the spinsystems. The COSY spectrum (Fig. 5A) conﬁrmed the overlapping
of the anomeric signals from -galactose and -glucose units at
4.58 ppm. The TOCSY spectrum (Fig. 5B) allowed us to identify the
four spin systems and to determine their proton chemical shifts
(Table 2). However some signals from -glucose and -galactose
are coincident. Furthermore the chemical shifts of H2 and H3 from
-galactose units are very close as well as the chemical shifts of H3
and H4 from -glucose.
The backbone formed by 4-linked -d-glucan is common to
all xyloglucans, but considerable differences are observed in the
branches of the polysaccharide, such as arrangements in number,
position and type of residues. This variation is a consequence of
interspeciﬁc variations [3] and also of the extraction methods [25].
In conclusion, the 1H and 13C chemical shifts shown in Table 2
were similar to those reported for a plant polysaccharide composed
of a central backbone, containing 4-linked -glucose units (unit II),
partially branched at position 6 (unit I) [32]. The polysaccharide
also is highly branched, containing -galactose and -xylose as
non-reducing terminal units (unit IV and V respectively). Further-
more, residues of 2-linked -xylose are also found as intermediated
residues in the branches (unit III).
3.7. -potential and dynamic light scattering (DLS)
The information obtained by -potential and Dynamic Light
Scattering (DLS) are crucial to indicate the occurrence of stable,
functional nanostructures [33]. PDI, obtained by DLS, is a measure
of the size distribution width. When polydispersity equals zero,
the sample is monodisperse. Values of PDI close to or above 0.5
represent heterogeneous solutions in relation to the particle size
and are characteristic of samples outside the standards [34]. The
term “particle” represents the molecule of polysaccharide, which
stay disperses into diluted solution. This term has been used in the
literature for different polysaccharides [35]. For a xyloglucan solu-
tion 0.5% (w/v) at pH 5.8, Z-average and PDI were 296.00 ± 12.40 nm
and 0.32 ± 0.02, respectively, indicating a reasonably polydisperse
solution. Z-averages values of 170 nm [24] and 80 nm [25] were
reported for xyloglucan from H. courbaril seeds at 1 mg  mL−1, which
are lower concentrations than ours (0.5% w/v), as well as the dif-
ferent method for extraction.
-potential of xyloglucan was  evaluated in order to deter-
mine the charges of the polysaccharide; a -potential value of
−11.3 ± 0.27 mV  was found, thus showing that xyloglucan is a
practically neutral polysaccharide. The polysaccharides may  be
constituted either by polycations or by polyanions, depending on
their functional group, and may  also be neutral, which is the case
of different types of polysaccharides with a higher content of man-and −2.1 mV  [33]. In this work the obtained xyloglucan shows a
structure composed by glucose (40%), xylose (34%), galactose (20%)
and arabinose (6%), typical of a neutral polysaccharide.
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Table  2
1H and 13C chemical shifts of the units found in the xyloglucan from H. courbaril seeds.
Structure/Chemical shifts Unitsa C1/H1 C2/H2 C3/H3 C4/H4 C5/H5 C6/H6
-D-Glcp I/II 103.02/4.58 73.65/3.43 74.93/3.70 79.75/3.73 74.14/3.84 67.30/3.90–4.04
-D-Galp IV  105.13/4.59 72/3.66 73.5/3.68 69.4/3.96 75.8/3.7 61.84/3.79–3.88
-D-Xylp  III 99.69/4.97 72.3/3.57 73.93/3.75 70.2/3.65 62.4/3.58–3.76
-D-Xylp’  V 99.5/5.17 80.81/3.7 72.8/3.96 70.2/3.65 62.4/3.58–3.76
a See Fig. 3.
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wig. 5. 1H-1H COSY (A) and 1H-1H TOCSY (B) spectra of the xyloglucan from H. cou
spin  systems traced in pink and green, respectively). The coincident spin system o
-potential values are also related to the stability of solutions. As
 general rule absolute values of -potential above 60 mV  indi-
ate an excellent stability, from 60 to 30 mV  are physically stable,
rom 30 to 5 mV  are at the limit of stability and below 5 mV not
table and there is a strong likelihood to form aggregates [36].
herefore, the result obtained with the xyloglucan (-potential
alue = −11.3 ± 0.27 mV)  indicates the polysaccharide solutions are
table. This solution was clear and transparent without the pres-
nce of aggregates demonstrating the total dissolution and stability
f the system.
Polysaccharide concentration is the factor that mostly affects Z-
verage and -potential values [33]. Anionic xyloglucans obtained
rom Gokyo Food and Chemical Co. Ltd (Fukusima, Japan) showed -
otential values of −21.7 ± 1.67 [26], but the authors worked with
ore concentrated solution of xyloglucan (1.0% w/v) and at a lower
H (4.5) than in our work, which may  explain the different results
hey reported.
.8. Rheological analyses
The rheological behavior of the xyloglucan at concentrations of
.5 and 1.0% (w/v) was investigated by rotational, non-destructive
scillatory and stress-strain studies in order to evaluate its perfor-
ance and potential as a biotechnological product.
Most part of the rheological characterization of xyloglucans
rom different sources investigates ﬂow properties of this polysac-
haride by mixing with other components [37–39] or chemical
odiﬁcation [23,24,40].
The rotational ﬂow studies were performed on the xyloglucan
ith the apparent viscosity as a function of shear rate (Fig. 6A). Forseeds. Xyl′ and Xyl represent glycosylated (Xyl′) and non-glycosylated (Xyl) xylose
se and galactose is traced in red.
both concentrations, the system behaves as a Newtonian ﬂuid for
most part of the shear-rate interval in agreement with data from
the literature [41–43]. These authors show xyloglucan aqueous
solutions exhibiting typical Newtonian behavior at low concentra-
tions (≤0.5% w/w) and shear-thinning behavior for concentrations
usually higher than 1% (w/v).
In addition to the properties of stability against heat, pH and
shear, xyloglucan cannot form gel simply by changes in its concen-
tration. Although there is an increase in its viscosity, xyloglucan
gels are formed only in the presence of alcohol or high levels of
sugar [10,42,44].
Furthermore, the properties of xyloglucans in water, such as
solubility, viscosity and gelling ability, are closely related to their
chemical structures. This type of behavior is expected for most poly-
mer  solutions and was  already observed for other polysaccharides
composed essentially of glucose, xylose and galactose [23,40].
The oscillatory studies measured G′ and G′′ as a function of the
oscillatory angular frequency (Fig. 6B) are similar to the behav-
ior observed for others native xyloglucan solutions [23,41,45,46].
For the two  concentrations tested, G′′ was higher than G′ for low
frequencies, indicating that the system has a liquid behavior who
dissipates most of the energy externally applied. G and G′′ continu-
ously increase as a function of oscillating frequency, so it is possible
to observe a cross-over between the moduli; above the cross-over,
an elastic behavior sets in G′ > G′′, typical for a concentrated polymer
solution [47].The ability to provide both behaviors between liquid and solid
states suggests the use of our native xyloglucan with 0.5 and 1.0%
(w/v) concentrations as ﬁlms/coatings widely useful in many indus-
tries as a biodegradable material.
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ow  studies of apparent viscosity as a function of shear-rate, (B) oscillatory studie
tress-strain experiment measuring G′ and G′′ as a function of shear stress.
Fig. 6C shows a stress-strain experiment where G′ and G′′ are
easured as a function of shear-stress and increase as a function of
oncentration with G′′ > G′ for the entire externally applied stress
nterval. Similar behavior has been observed for the oscillatory
easurements (see Fig. 6B) conﬁrming that the system is essen-
ially a Newtonian liquid for moderate applied stresses and cannot
ustain elastic linear deformations. Both at 0.5 and 1.0% concentra-
ions it behaves as a viscoelastic liquid where the G” contribution
as a constant value (Newtonian behavior) for a ﬁnite stress inter-
al whereas the G′ contribution decreases as a function of stress
ith G′′ > G′ for the entire stress interval.
.9. Biological activities: antibacterial and hemolytic
Antibacterial activity of xyloglucans was not tested previously.
e  now tested this possible effect but did not observe any action
f the xyloglucan as inhibitor of bacterial growth. Perhaps the
onosaccharides from xyloglucan could serve as carbon source for
icrobial growth, differently from that observed e.g. for chitosan
48], that exhibits antimicrobial activity.
The hemolytic activity of xyloglucan was performed to rule out
 possible mechanism of toxicity and to check the safety of the
olysaccharide, thus indicating if it is suitability for pharmaceutical
reparations [49]. In hemolytic tests the compounds are considered
oxic when the hemolysis contents equal or surpass 50%, the so-
alled HC50 [50].rbaril seeds at 0.5 (ball symbols) and 1.0% (square symbols) [w/v]. (A) rotational
suring G′(ﬁlled symbols) and G′′ (open symbols) as a function of frequency and (C)
Our results showed that solutions Triton X-100 at concentration
raging from 0.25 to 2.00 mg  mL−1 presented HC50 from 50.70 ± 0.04
to 100%, based on the highest hemolytic effect observed. Signiﬁcant
hemolysis was  not detected at these concentrations of xyloglu-
can, with HC50 of 5.40 ± 0.32 to 6.10 ± 0.08%, thus leading to the
conclusion that the polysaccharide is devoid of hemolytic activity
and therefore shows potential for application in the health industry
without apparent toxicity.
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